Frdm  U.  S.  Department  of  Commerce,  Joint  Publications  Research  Service, 
JPRS:  37,560,  13  September  1966 


Reproduced  Froiu 
Best  Available  Copy 

UDC  552.595.2 


ON  INFLUENCE  OF  HYDROSTATIC  PRESSURE  ON 
PARAMETERS  OF  UNDERWATER  EXPLOSION 


.  ^Following  is  a  trajislation  of  an  article  by  F.  A.  Baum, 

N.  S.  Sanasaryan  in  the  Russian-language  periodical  Figi - 
ka  Goreniya  i  Vzryva  (Physics  of  Combustion  and  Explosion) 
No.  4,  Nauka  Publishing  House,  Siberian  Branch,  Novosi¬ 
birsk,  1965*  pages  52-62_j/ 


Movement  of  Gas  Area  in  Water  v/ith  Hydrostatic  Pressure  Pq  taken 
into  c onsideration 


In  accordance  with  the  numerous  experiments,  a  dependence  of 
pressure  on  a  specific  volume  for  explosion  products  (PV)  is  ex¬ 
pressed  by  two  adiabatics: 


for  P  >Pk<  H 


pV>‘  —  const  ( 1 ) 


p  V''  =  const  (2) 

'  for  p<Pk, 

where  k  =  3,Y=  7/5*  A  value  £,  (a  pressure  at  which  two  adiavatics 
conjugate)  is  determined  from  energy  considerations 


]  pdV=^\ pdV-\  ]  pdW  (3) 

■ 

where  is  the  initial  specific  volume  of  PV;  is  a  specific 
volume  PV»  corresponding  to  the  pressure  pu* 

Substituting  (1)  and  (2)  in  (3)  we  obtain  after  some  simple 

transpositions  .  , 
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where  ^  D  is  the  value  of  initial  mean  pressure  in  PV; 

of  explosive  substances  vdth  respect  to  a  volume  unit. 
Since  the  pressure  in  explosive  products  drcpj=5  substantially 
beginning  with  the  expansion  radius  R  =  P,  ,  we  may  consider  v/ater 
as  a  non-compressed  liquid  and  express  it's  movement  under  the  action 
of  explosive  products  by  the  , equations  for  movement  of  non-compress- 
ed  liquid  in  the  form  of  Euler: 

. . .  . _ (>/  ?u  dr  ’  (5) 

-4- =  0.  '  '  .(6) 

dr 

The  marginal  conditions  are 


r=oo,  p=:pt, 


(7) 

(8) 

The  solution  for  the  velocity  of  gas  area  expansion  appears  as; 


1  Rk  1 

[  R  ) 

By  inserting  in  the  formula  (9)  v  =  0  and  neglecting  small 
members,  we  obtain  the  following  expression  for  the  maximal  radius 
of  gas  area  expansion: 


(10) 


The  ratio  for  the  expansion  velocity  (9)  will  appear  as 

— <w) 


By  integrating  (11)  from  R  =  R  to  S  =  R  we  obtain  a  maxi' 
mal  time  for  the  expan tion  of  a  gas  area;  “  . 


/■ 


(i) 


-lii _ ±(_Rs_Yh  /  3po  „ 

r  J  Aj  5  U  J  J  V  2p„  ^ 


(12) 


where  a  gamma-function, 

The  obtained  ratios  of  (10)  and  (12)  show  that 
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These  types  of  dependencies:  were  obtained  before  How¬ 

ever,  as  we  shall  show  below,  the  ratios  (11)  and 

precise  values  of  coefficients  A  and  B  and,  consequently,  a  better 
conformity  with  the  experiment. 

Influence  of  £  on  the  Initial  Parameters  of  a  Shock  Wav£. 

At  the  initial  (hydrostatic)  pressure  in  1,000  atmospheres,  a 
density  of  water  is  less  than  the  density  of  spreading  out  explosive 
products,  therefore,  under  the  impact  of  the  latter  on  the  wa  e  , 
a^shock  wave  will  move  in  the  water  and  a  rarefied  wave  will  move  in 
the  explosive  products.  The  conditions  of  equality  of  pressures  and 
.t  th.  toundary  line  bat.een  the 

and  the  water  give  us  the  foll^ing  equations  for  finding  the  initial 
psLp 310.6 'tors  of  “th.6  shocK  wav 6  *  _  — . . 


^  Pjc  —  Po 

1  /  +iY''’\ 

Po 

V  3940  ^  7  J 

These  equations  may  be  solved  better  in  a  graphical  manner 

The  estimates  show  that  with  the  increase  of  2^  for  each 
100  atmospheres,  the  peak  pressure  of  the  shock  wave  ' 

the  average,  by  .4  percent,  the  mass  velocity  at  the  fron.  ^ 
creased  by  .3  percent,  and  the  shock  wave  velocity  increased  by  .7 

percent. 

Dependence  of  Intensity  of  a  Shock  Wave  on 

We  shall  use  the  methods  of  the  theory  of  ®Yv^^^of^a^medium 
mensionality.  A  respective  change  of  a  volume  of  __ 
at  a  given  point  will  be  equal  to  — 


=  py  • 


where  An  is  the  change  of  pressure  at  a  given  point. 

•  The  value  6  is  idiabatic  compressibility  characterizing  a. 
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'a.  lead  azide  (£  =  5*5  g/cu  cm,  D  =  4,500  m/sec 
b.  trotyl  (^  =  1*6  g/cu  cm,  D  =  6,100  m/swc 
c»  trotyl  (£  =  l,6l  g/cu  cm,  D  =  7*000  m/sec*  • 
d»  hexogene  phlegmatized  (£  =  1,6  g/cu  cm,  B  =  8,000  m/sec 


respective  change  of  the  system  volume  at  an  adiabatic  decrease  of 
its  pressure  per  unit 


(16) 
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We  know  from  thermodynamics  that 

dE= — pdV+TdS, 

Hence,  the  mean  compression  of  the  medium  by  explosion  will 
be  equal  to 

t  KV  \  a  PBB  QlJii  ^0  (17) 


/  A  V  \  _  Q 

I  V  )  R' 


.where  p  is  density  of  explosive  substance;  is  specific  heat 

of  explosion;  is  the  radius  of  charge;  v  =  1,  2,  3,  respectively, 

for  flat,  cylindrical  and  spherical  shock  waves.  _  -  ...  ^ 

Since  a  respective  compression  at  the  point  is  a  function  of 

a  mean  compression  of  the  medium,  then 


According  to  a  largo  number  of  experimental  and  theoretical 
investigations,  this  function  well  approximates  in  the  form  of  a 
power  dependence 


Pj  Pbb  Oi 


where AEq  =  A£  st  =  1  atmosphere,  R  =  R^;  ^  ~ 

atmosphere*  .  .1  ^  ^ 

Let  as  teke  the  equation  of  a  state  of  water  in  the  form  of 


then 


then 


Since  B^l  kg/sq  meter  (for  vfater  3,000  kg/sq  meter,) 
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By  using  (22)  and  (23),  we  express  tne  equation  (20)  in  the 


form 


The  obtained  relation  (24)  at  a  certain  value  of  coefficient 
of  the  peak  pressure  reduction  solves  completely  the  question  of 
influence  of  on 

By  considering  the  obtained  data  on  influence  of  on  p  at 


R  =  R  ,  we  may  determine  the  value 

—  » 


from  the  relation  (24) 


as  well  as  the  value  in  a  direct  proximity  from  the  charge#  The 
obtained  values  for  various  explosive  substances  with  gg  ~ 

=  1*6  g/  cu  cm,  D  =  7,000  meters  per  second  are  very  close°^and  are 
equal  to :  * 

as  2»58  for  V  =  3 
a  =  1*72  for  v  =  2 
a  =  ;86l  for  V  =  1 

Dependence  of  Impulse  of  Underwater  Explosion  on 

In  accordance  with  the  theory  of  detonation,  the  formula  Pbl 
is  true  for  impulse  flow  passing  through  a  unit  of  area  at  the  dis¬ 
tance  of  radius  of  the  charge: 

^  }/' ^BB  (23) 

27  4r.Rl 

Since  at  the  explosion  's  designed  energy  the  iii^)ulse  in¬ 
creases  proportionally  to  the  square  root  of  the  mass  engaged  in  the 
motion,  then  at  the  distance  of  Y  from  the  charge 


r  I  V 


By  expressing  the  values  of  the  masses  of  water  and  explosive 
substances  by  means  of  their  volume  and  density,  we  shall  obtain 


in  the  interval  of 


p»dr^ 


mV‘- 


{-wJ- 
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in  the  interval  of  r'^R 


The  variation  of  the  impulse  with  the  distance  for  =  1  kg, 
per  sq.  cm  and  ^  =  1,000  kg/sq  sm  is  shown  in  fig.  2. 

From  the  formula  (28)  at  distances  R'^Ru 


Sxnce 


r •  then 


Thus  £  exerts  the  greater  influence  on  the  explosion  impulse, 
the  farther  i8  is  from  the  charge. 

Dependence  of  Shock  l>Vave  Energy  on 

The  dependence  ~ /(/?o)  us  to  determine  the  influence 

of  2q  energy  of  the  shock  wave. 

Let  us  compose  a  balance  for  the  energy  of  explosive  sub¬ 
stances:  “  " 

*-=  Ey^  4-  £*n  4*  +  ^ocTi  (31) 

wher  E  ,  is  energy  of  shock  wave;  E  is  energy  of  the  spreading  out 
— yo  ""n 

water  flood;  A'  is  work  for  overcoming  £^;  is  remaining  ener¬ 

gy  of  explosi^^pro ducts. 

At  R  =  R  we  have 

—  -m  _  _ 


Ap,=r.±(fe^-f^)  Po. 


where  £(R  )  is  the  pressure  in  the  explosive  products  at  R  =  R^. 

By  ^substituting  these  relations  in  (31)  3-nd  using  the  expression  for 


R  ,  we  obtain 

-m* 


&  ^  ^  >[-  ')•  <3^) 
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Fig.  3  shov/s  this  dependence  for  trinitrotoluene  with  = 

«  1*459  ccal/Kg;  ^  g.  cu  cir  (tne  given  explosive  substance 

was  used  for  the  experiments  the  results  of  which  are  shown  below.) 

As  seen  from  fig.  3»  at  n  ==  1»500  kg/sq  cm  in  comparison  with 
=  one  atmosphere,  the  energy  of  the  shock  v/ave  diminishes  by  25 
percent. 


Fig.  2  Fig.  3 


Experimantal  Investigation  of  Influence  of  on  the  Parameter s__qf 
Underwater  Explosion 


The  experiments  v/ere  conducted  in  a  high  pressure  installa¬ 
tion  (autoclave,)  350  mm  of  inside  diameter.  The  autoclave  had 
two  optical  inlets  of  5^  21m  diameter,  in  the  form  of  a  cylinder  made 
of  organic  glass.  The  autoclave  v/as  filled  v/ith  v/ater,  with  an  air 
cushion  of  from  50  to  100  mm  thick  left  at  the  top.  The  air  com¬ 
pressor  kept  the  pressure  at  400  atmospheres. 


The  charges  of  spherical  and  cylindrical  forms  were  placed 
in  the  center  of  the  autoclave  opposite  the  windows  to  permit  taking 
picture  of  the  v/hole  radius  of  the  bubble  pulsation.  The  charges 
were  made  of  trinit^d^oluene  pressed  to  density  of  I.67  g/cu  cm.  To 
seal  them  herme/tically,  they  were  covered  with  a  layer  of  epoxy  reS' 
•in.  The  spherical  charge  v/eighed  .72  giga-  and  was  10  mm  in  diameter 
the  cylindrical  charge  weighed  1.72  giga-,  6  mm  in  diameter  and  its 
length  equaled  to  the  six  diameters.  A  piece  of  lead  nitride  of  5 
or  7  percent  of  the  chargers  full  weight  and  a  little  amount  of  TKT 
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powder  were  used  as  a  detonator# 


•  •  X  y:^-.'.  /**■.: '.^V.-  .  »/:  *•*.■  .'^' .'*4  ‘±  :  ■  .  • 


Fig.  5 

A  spectropho tome trie  installation  was  used  to  photo fraoh  the 
process  at  7,500  revolutions  per  minite  for  the  investigation  of  a 
gas  bubble  pulsation  and  at  45»000  revolutions  per  minute  for  re¬ 
gistering  the  shockwave.  The  picture  of  the  bubble  evolution  (at 
p  ss  400  atmospheres)  at  the  explosion  of  the  spherical  charge  is 
cHown  in  fig#  4;  fig.  5  shows  the  registration  of  the  shock  wave's 
trace  (at  =  100  atmospheres)  at  the  explosion  of  the  cylindrical 
charge# 

Fig#  6  shov/s  the  diagram  of  synchroniziation  of  the  moments  of 
subexplosions  of  the  charges  and  flashes  of  .the  impulse  lamp. 

A  high-voltage  impulse  was  sent  from*  the  control  panel  of  the 
photometric  installation  directed  toward  the  impulse  lamp  to  ignite 
it  and  toward  the  discharger  "p'S  through  which  the  capacity  was 
discharged  to  resist  the  detonator  line.  The  length  of  underglow 
wais  selected  depending  on  the  period  of  the  gas  bubble  pulsation. 

The  time  length  was  regulated  by  a  value  of  battery  capacity  of  C^. 
The  experiments  were  conducted  in  water  up  to  the  hydrostatic  pres¬ 
sure  =  400  atmospheres  for  each  100  atmospheres. 


detonator  dischar>ter 


Rectifier 


Rectifier 


/7y>7A/77  Control 


Figures  7  and  8  show  diagrams  of  dependence  R(0  at  the  time 
of  explosions  of  the  cylindrical  and  spherical  charges  for  =  100 
200,  300,  400  atmospheres. 
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cor- 


As  fig.  9  shows,  the  dependence  of  log  on  log  o 

-no 

responds  t<^  the  right  angle  slope  CL  =  1/3 »  both  for  tho  spherical 
and  cylindrical  charges. 

The  latter  is  explained  by  the  fact  that  for  the  cylindrical 
charges  with  H/d  =  6  (H  is  the  charge’s  height,  d,  its  diameter) 
the  time  for  the  maximal  expansion  of  the  gas  bubble  was  so  great, 
that  during  this  period  the  scattering  front  of  the  explosive  pro¬ 
duct  was  able  to  take  on  the  spherical  form. 
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The  dependence 


=  f(£^)  is  expressed  by  .the  formula: 


v/here  A  =  36*3  and  A  =  511  for  the  spherical  and  cylindrical 
charges  is  substituted  in  k  Giga/sq  cm.) 

The  theoretic  value  of  A  for  the  spherical  explosion  is  cal* 
culated  by  (10)  and  equals  37*2.  According  to  0.  E.  Vlasov  /57,  Ihe 
values  of  A  are  equal  to  45  and  20.2,  respectively. 

The  dependence  log  T  on  log  corresponds  to  a  line  with 
the  incline  =  — 1-“  (fig.  10,0 


40  BO  120  160  200  ZAO  2B0  320  360  AOO  AAO  480  520 

-  . .mcsec 


Fig.  7 

The  dependence  T  =  f(£^)  is  expressed  hy  the  formula 
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where  B  =  15.4  sec  for  the  spherical  explosion;  B  =  l8p  sec  for  the 

cvlixxciri.cax  explosion*  ,  .  t 

The  theoretical  value  of  B  for  the  spherical  explosion,  in 

accordance  with  (12)  equals  l6.6^  sec;  according  to  Vlasov 

B  ~  2^*1^  sec* 


^  50  100  150  200  250  300  SS.d  400 

......  ..  .... - -  ^  mcsd5c 

Fig.  8  . .  . 

Fig.  11  shows  the  dependence  of  a  dimensionless  distance 
t/"  —  ^0  g  g^g  bubble  expansion  on  a  dimensionless  time 

for  the  spherical  explosion;  fig.  12  shows  the  respective  de¬ 


pendence 


1/  ^  on  t/T  for  the  cylindrical  explosion. 

Vd2..dQ 


The  other  series  of  experiments  delt  with  the  registration  of 
r(t)  for  the  shock  wave  froni.  This  dependence  permitted  to  proceed 
757  to  a  deoendence  of  a.  distribution  velocity  of  the  shock  wave 
^nt  on  ,  and  also,  by  a  shock  adiabatic  for  water  ^1,^3,  ^  to 

a  dependence°of  the  pressure  on  the  shook  wave  front  at  a  distance 

^  •  This  dependence  is  expressed  v;ith  sufficient  pre¬ 

cision  by^pov/er  functions  with  ..exponents  different  for  different  in- 
tervals. 

For  the  spherical  charge 


at  1<^  <2, 


=.  125  •  10*  (kFIcm' 

Sp  =-  85,5  •  10* 
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1.  Hydrostatic  pressure  influences  essentially  the  maximal 
radius  and  time  of  the  gas  area  expansion: 
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2#  Initial  parameters  of  the  shock  v/ave,  irradiated  in  the 
water  at  the  time  of  an  underground  explosion  under  the  conditions 
Of  increased  hydrostatic  pressures  depend  but  little  on  • 

3*  The  rate  (24)  is  determined  for  the  influence  of  on 
£»  according  to  which  this  influence  becomes  the  stronger  the 
farther  it  is  from  the  charge. 

4.  A  possibility  of  a  theoretic  calculation  of  a  dampening 
coefficient  a  at  a  distance  intermediately  close  to  the  charge  has 
been  shown. 

3.  According  to  (32,)  (2?,)  and  (28)  the  higher  is  hydrostatic 
pressvire  n  the  smaller  is  a  part  of  energy  of  an  explosive  substan¬ 
ce  passin^into.  a  shock  wave  and  in  a  total  specific  impulse  of  an 
underground  explosion.  .The  influence  of  on  the  impulse,  v/ith  the 
increase  of  distance  tends  toward  a  dependency 


1 


which  at  the  higher  hydrostatic  pressures  of  the  order  of  1,000 
atmospheres  leads  to  the  decrease  of  the  impulse  three  times  and 
more. 

Received  10  May  1965* 
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